Abstract -The paper presents the authors' latest CFD research examining, by way of a range of URANS computations, the performance of spinning cylindrical rotors for maritime propulsion both in the form adopted by Flettner and with discs distributed along the cylinder as proposed by Thom (1934) . Computations agree well with experimental data of the bare rotor but indicate that three-dimensional unsteadiness means that a strictly 2-dimensional idealization produces too high lift and too low drag. The addition of discs, while leading to apparently negative drag coefficients, does not produce the striking rise in lift coefficients that Thom's experiments had shown. Moreover, the great increase in torque coefficients associated with adding discs seems to exclude their use in sea-going propulsion applications.
Introduction
In 1926, having replaced the sails on a schooner by twin rotatable cylinders to exploit the Magnus effect, Anton Flettner sailed into maritime history by crossing the Atlantic in record time in the vessel, renamed the Baden-Baden, Figure 1 . The rapid expansion in the use of diesel engines and the very low price of hydrocarbon fuel meant, however, that further significant commercial exploitation or development did not take place, at least not in the 20th Century. However, with the finally recognized need to reduce by an order of magnitude the rate of release of CO2 to the atmosphere, the potential role of the Flettner rotor has been re-awakened. At least four ship-design companies are advocating the use of such rotors as a source of supplementary power on ocean-going cargo vessels, while Salter et al. (2008) have advocated the use of a fleet of 1500 radio-controlled vessels driven by Flettner rotors with discs along their length (as proposed by Thom, 1934 ) as a vehicle for marine-cloud seeding to reduce net incoming solar radiation. At a less speculative level, Enercon brought into service in late 2010 the vessel, E-Ship 1, with four Flettner rotors, for shipping the company's wind turbines, Figure 2 .
Even before Flettner's voyage, at NACA Reid (1924) was also testing the lifting characteristics of spinning cylinders, presumably with a view to their possible use as a lifting surface during aircraft landing. It is within the research community with interests in shipping, however, that most experimental data have been generated, several papers being reported in a special issue of the Journal of Wind Engineering & Industrial Aerodynamics addressing different aspects of the flow (e.g. Bergeson & Greenwald, 1985; Clayton, 1985) .
Within CFD, there has also been strong interest in the flow past a rotating cylinder, initially at low enough Reynolds numbers for the flow to be laminar (e.g. (Craft et al., 2010 (Craft et al., , 2011 and LES, (Karabelas, 2010) . While the laminar flow studies may seem to have no direct relevance to marine propulsion, the initial studies by Stojkovic et al and, later, more extensively, those by El Akoury et al. (2008 Akoury et al. ( , 2009 ) brought out the appearance of largeamplitude periodicities in the wake when the rotor velocity lay in a narrow band somewhere between 3.5 and 5.5 times the wind speed (depending on Re) -a ratio we denote by Ω. This discovery raises the question of whether such instabilities may also occur at far higher Reynolds number.
An interesting elaboration on the Flettner rotor had initially been proposed by Thom (1934) . His experiments suggested that for rotor speeds greater than four times the wind speed the addition of discs to the rotating cylinder enabled lift coefficients much higher than the bare Flettner rotor to be obtained: for example, at a velocity ratio of 6, the rotor with discs had a lift coefficient more than twice that of the bare rotor. Moreover, for spin ratios between 4 and 7½, the reported net drag coefficient was negative! Experiments in which (smaller) discs were added to the rotating cylinder have also been reported by Clayton (1985) . He appeared to be unaware of Thom's work, but his experiments also showed a modest increase in lift coefficient though at the cost of a very substantial increase in the torque required to spin the rotor.
The present contribution continues our previous CFD studies on the Flettner rotor at high Reynolds number, exploring, for the case of the bare cylinder, the consequences of assuming two-dimensional flow, and examining, in more detail than before, the consequences of adding discs to the cylinder, as proposed by Thom (1934) .
Computational and Physical Model and Boundary Conditions
As in our earlier papers on this theme, computations have been made with a customized version of the STREAM code, . It entails a 3D, unsteady, primitive-variable discretization of the Reynolds equations using a multi-block, non-orthogonal, collocated grid that extends in the axial direction of the cylinder either 1 or 3 diameters, Figure 3 . Meshes of up to around 0.5M cells have been employed, with grid refinement near the cylinder and disc surfaces, as indicated in the figure. The UMIST scheme of has been used for approximating convective flux terms, and the second-order Crank-Nicolson scheme for time discretization.
Turbulence has been represented either by the k-ε eddy-viscosity model (with a constraint to limit the near-wall length scale, Iacovides & Raisee, 1999) or the far more elaborate two-component-limit (TCL) stress-transport closure of Craft et al (1996) . Despite the overall superiority of the latter model, for this particular class of flows there is little difference between the results generated (possibly because at the higher rotation rates separation does not occur on the cylinder while the near-wall shear flows are very thin at such high Re so that curvature effects are less significant). The wall boundary conditions are applied via wall functions. Again, two versions have been tested, one based on the usual logarithmic near-wall distribution of velocity and the other 'analytical wall functions' (AWF), Craft et al. (2002) , which prescribe the viscosity distribution near the wall and thus can account for near-wall skewing of the velocity profile which can be significant when discs are employed. At the upstream boundary, located eleven diameters upstream from the rotor, a uniform inflow velocity (the wind speed) was prescribed while, on the downstream (outflow) boundary, zero-gradient conditions were applied on all dependent variables. Periodic boundary conditions were applied on the horizontal upper and lower surfaces of the computational domain. No-slip boundary conditions were applied (via wall functions) to the cylinder and (where employed) disc surfaces. For cases with discs, the domain extended from one disc to the next (which were treated as of negligible thickness). Some initial calculations did employ a smaller domain, extending from one disc to the geometric symmetry plane midway between two adjacent discs, although the imposed symmetry limits the 3D unsteady structures that can develop, and so the larger domain has been used for results reported here.
Presentation & Discussion of Results

Bare rotor
First, comparison is made between two-and three-dimensional modelling of the flow and the sensitivity of the behaviour to the axial length of the computational domain. Table 1 indicates that the lift and drag coefficients differ significantly if the flow is computed as strictly two dimensional, an assumption that prevents three-dimensional movement of any kind. The differences are also clear in Figure 4 which compares two-and three-dimensional computations of the flow for Ω=5. All further results shown are thus computed as three-dimensional. There is, however, very little difference in the lift and drag coefficients between a domain length of one and three diameters or, indeed, of any of the flow variables such as the time-averaged modelled turbulence energy shown in Figure 5 ; consequently most results of the bare-cylinder computations adopt a length of 1D. 3 Dim. comp. h/D=1 2 Dim. comp. Figure 6 shows the variation of lift coefficient C L over a range of spin rates for moderate to high Reynolds numbers compared with the LES of Karabelas (2010) and a range of experimental data. The authors' newly obtained lift coefficients at Ω of 2 and 5 for Re = 10 6 are in close accord with our earlier results (Craft et al, 2011) . The very early NACA data of Reid (1924) , obtained for a variety of Reynolds numbers between 3x10 4 and 10 5 , are rather lower than the computations. Overall, however, agreement with the experimental data at higher (but unreported) Reynolds numbers presented by Bergeson & Greenwald (1985) is satisfyingly close, capturing the steep rise of C L with Ω for Ω<4 and the shallower increase thereafter. For consistency, all URANS results shown are those generated with the linear k-ε EVM and standard wall functions, though for the (fewer number of) cases where TCL and AWF modelling was also used, the results were very similar; indeed for stationary and low rotation rates (Ω<2) the TCL results are superior, probably because that model copes better with separated flows. For disc speeds of five times the apparent wind speed (Ω) or greater, after the initial transient, there is a small, irregular variation in both lift and drag with time, Figure 7 . Averages for these cases were extracted over the final 20 dimensionless time units. This variation is, however, scarcely significant since the lift coefficient for Ω=5 is approximately 12, in close accord with experiments. Flow left to right, cylinder rotation anti-clockwise. 
Effects of adding discs
As a preliminary to examining the computed effects of adding discs to the rotor, Figure 8 , reproduced from the original paper (Thom, 1934) , shows Thom's results and the relative dimensions of the cylinder, discs and inter-disc spacing employed in his studies. As noted, the lift coefficient data need to be multiplied by 2 to conform with the current definition. While the data for the plain cylinder are rather below those shown in Figure 6 , with discs added and using a new apparatus, there is clearly a strong rise in lift coefficient for values of Ω greater than 4 that leads to values distinctly greater than in Figure 6 . Figure 9 compares our earlier results, Craft et al. (2011) , and our current computation for Ω=5 in which discs were placed 1D apart along the cylinder with a disc diameter of 2D with experimental data of Clayton (1985) for essentially the same geometry, though for a much lower Reynolds number of about 17x10 3 (his 'Test 9'). Both experiments and computations show a modest increase in lift coefficient above those for a smooth cylinder as Ω is raised, but not by any means matching Thom's data. Moreover, our computations of torque coefficient, C T , for Ω=5 (not shown) gave a value approximately 8 times as high as for the smooth cylinder, which naturally implies an eight-fold increase in the power required to turn the rotor! The benefits from increased lift coefficient are thus more than cancelled by the very substantial rise in power required to drive the rotor. Although Clayton (1985) did not provide data on torque he also concluded: "the addition of discs to the cylinder might increase C L values, but the price to be paid … is a large increase in the absorbed power necessary to drive the cylinder". We note finally, in respect of this configuration, that computations have also been made using the AWF treatment in the cells adjacent to the disc and cylinder (which allows velocity-vector skewing over the near-wall cell -a feature that one might suppose could have been important, especially for the case with discs). The results, however, were effectively the same as those reported above. One possible reason for the negligible enhancement of lift coefficient was that, for both Clayton's experiments and those of the authors, the disc diameters used were smaller and the inter-disc spacing greater than examined by Thom (1934) . Additional computations were therefore carried out to see whether, by enlarging the disc diameter to 3D and reducing the inter-disc spacing to 0.5D (creating relative disc sizes comparable to those examined by Thom) , a similar augmentation of C L with Ω was found. In fact, results showed little change in lift coefficient for a given spin rate from our previous runs. Thom clearly thought that the discs, by imparting considerable angular momentum to the air in their vicinity, would help Note: k L denotes lift coefficient but Thom's definition is one half that normally used, i.e. k L = 0.5C L . The abscissa is simply Ω.
create a larger pressure difference across the cylinder. However, as is well known, the radial pressure gradient created by a rotating disc impels the near-disc air radially outwards (the so-called Ekman layer). So, the angular momentum transferred from the disc to the air, at considerable cost in terms of the power expended, is essentially lost (that is, it is ejected from the disc cavity and convected downstream on the wind).
On the other hand, from Table 2 , the negative apparent drag coefficient is, indeed, reproduced. The cause of this initially surprising phenomenon emerges from Figure 10 which shows the pressure field around the cylinder on the mid-plane between discs for two cases tested (shown by the two lower lines in Table 2 ). The negative C D value is caused by an azimuthal anti-clockwise displacement of the pressure field so that the resultant "lift" force has a component in the upstream direction which exceeds the necessarily negative frictional force.
In practice, in operation on a ship, the negative drag coefficient of the rotor would have negligible effect on overall performance since by far the greatest drag arises from the hull, both from friction and in the energy imparted to the sea as waves. As already noted, the major argument against the use of discs is that, even for the smaller discs of 2D spaced 1D apart shown in Figure 9 , the power required to spin the rotor is raised by a large factor compared with a smooth cylinder. 
Conclusions
Our further 3D computations of the Flettner rotor have obtained results in close agreement with available experiments and confirm the potential of the strategy to reduce shipping costs in sail-assist scenarios. Comparative tests suggest, however, that substantial loss of accuracy results from assuming the flow to be strictly two-dimensional. Further explorations with the use of discs along the cylinder, as tested by Thom (1934) , have failed to confirm the much enhanced lift coefficients that he reported. Our findings are in accord with the early and little known data of Clayton (1985) . The failure to recover Thom's remarkably high lift coefficients underlines the desirability of creating an LES of flow about the Flettner rotor at high spin rates and Reynolds number to provide definitive data. This will be a challenging but just doable task. One feature of Thom's results that has been captured is that, for disc diameters three times greater than the cylinder, the apparent drag coefficient becomes negative for dimensionless rotation rates greater than four. The phenomenon is shown to be the consequence of an azimuthal shift in the pressure field that gives a resultant lift force on the cylinder with a small component opposite to that of the apparent wind direction. Small though it may be, it nevertheless exceeds the negative frictional drag at high rotation rates.
